Lewis acid-catalyzed cyclization of prolinal and 2-piperidinecarbaldehyde benzylimines 11, 12 results in the diastereoselective formation of a-amino-P-alkyl-substituted indolizidines 15, 17, 19, 2 1 and -quinolizidines 16, 18, 20, respectively. Both diastereoselectivity and constitution depend on the Lewis acid. FeC13 yields a,P-trans-a-(benzy1amino)-P-isopropenyl derivatives 15 and 16, probably by a cationic cyclization via carbenium ions 32a, b. In contrast, TiC1, yields a,p-cis-a-(benzy1ideneamino)-(3-isopropyl derivatives 19 and 20 by a novel cyclizationhntermolecular hydride transfer mechanism, which was supported by deuterium labeling studies. Compounds 15, 16, 19, and 20 were converted to the diastereomeric acetamides 24, 25 and 28, 29. By a n analogous cyclization of the aldehydes 8 and 9 only a,P-cis-a-hydroxy-Pisopropenylindolizidines 51 and -quinolizidines 52 were obtained irrespective of the Lewis acid used. The structures of 30 and 52 were elucidated by X-ray analysis.
Despite the many efforts spent on the stereoselective synthesis of indolizidines and quinolizidines during the last years, there is still a demand for new synthetic approaches to these alkaloids and their non-natural counterparts because of their important biological activities [',2] . For example the hetero-substituted, i. e. hydroxylated indolizidines are potent glycosidase Several strategies were developed for the construction of a-hydroxy-substituted indolizidines and q~inolizidines [~] . The major approaches use the chiral information already present in carbohydrates to build up either the 5-or the 6-membered ~-i n g [~-~] .
In alternative routes amino acids were used as synthetic precursors and were submitted to chain elongation or coupling reactions [2a-e,10,11] . The final ring closure in many cases was accomplished by a reductive amination or debenzylationl cyclization sequence~2d-e,6.8.9.12,13]. Our aim was directed toward the stereoselective synthesis of a-hetero-substituted indolizidines and quinolizidines by an intramolecular hetero-ene reaction of suitably functionalized prolinal and 2-piperidine-carbaldehyde derivative^ ['^-^^] . As depicted in eq. (1) this strategy would allow us to use readily available amino acids 1 as chiral starting materials, which would ultimately be converted to cyclization products 3 having three adjacent stereocenters with the possibility of 1,2-and 1,3-asymmetric induction.
The presence of two hetero atoms in the precursor 2 should induce the stereoselective formation of either a,pcis-or a, P-trans-substituted indolizidines and quinolizidines by a chelation-controlled mechanism [17] . In this respect we have recently reported on the diastereoselective Lewis acidcatalyzed, intramolecular cyclization of prolinal benzyliinines and the corresponding 2-piperidine-carbaldehyde derivatives to a-amino-substituted indolizidines and quinolizidines['sl. Under these conditions either the cis isomers were accessible by the use of Tic& or the trans isomers by the use of FeC13. However, the different constitution of the cis and trans isomers suggests that this novel cyclization reaction is mechanistically not a hetero-ene reaction. It is believed to proceed by a stepwise reaction of an iminium ion [19] via a common carbenium ion intermediate, which can proceed according to two competitive pathways, depending on the relative stereochemistry at C-a and C-P of the bicyclic system. In this paper we present a full account of this work and an extension towards the stereoselective synthesis of a-hydroxyindolizidines and -quinolizidines. In addition, experimental evidence for a novel TiCl,-induced cyclization/hydride migration mechanism by deuterium labeling experiments is presented. As shown in Scheme 1, the cyclization precursors were prepared from commercially available (S)-prolinol(4) or racemic 2-piperidinylmethanol (5) by alkylation with 4-methyl-3-pentenyl followed by Swern oxidationL2'] to give aldehydes 8 and 9, which were converted to the benzylimines 11 and 12 by reaction with the appropriate benzylamines 10 a-c. 
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Cyclization of Benzylimines 11 and 12
Treatment of the imines 11 and 12 with a Lewis acid yielded four different cyclization products, the a-(benzylamino)-P-isopropenylindolizidines 15, 17, the u-(benzy1ideneamino)-p-isopropylindolizidines 19, 21, and the corresponding quinolizidines 16, 18, and 20 (Scheme 2, Table 1 ) [221. A survey of different Lewis and Bransted acids shows that only strong Lewis acids, e.g. SnCl, , TiCI4, FeC13, are useful catalysts (entries 6, [9] [10] [11] [13] [14] [15] [16] . Weaker Lewis acids resulted either in low conversion or low selectivity (entries 1-4, 7, 8) . This low reactivity of the benzylimines contrasts sharply with the well-established carbonylene which requires only modest activation of the carbonyl group. When Bransted acids like p-TsOH were used (entry 4), only a minor amount of the imino cyclization product 15 was found albeit with high selectivity, and the remaining imine 11 a was hydrolyzed to the corresponding aldehyde 8 which was immediately converted to the carbonyl-ene products. The most remarkable result was the "cis" selectivity of TiC14 and the "trans" selectivity of FeCI3, which was almost independent of the substituents in the para position of the benzylimine 11 (entries 9, 11, 13 -16). When the corresponding racemic benzyl(2-piperidinylmethy1ene)amine 12 was treated with FeC13 (2.5 equiv.) in CH2CI2 for 48h at room temperature, the cyclization products 16, 18, and 20 were obtained in a ratio of 71.6: 14.8 : 13.6 and the major ruc-l-(benzylamino)-2-isopropenylquinolizidine (16) was isolated in 68% yield. Treatment of 12 with TiC14 under the same conditions gave the three products in a ratio of 2.0: 1.4:96.6, and ruc-1-(benzylideneamino)-2-isopropylquinolizidine (20) was isolated in 50% yield.
We have established the absolute configuration of the major (7R,8R,8aS)-8-(benzylamino)-7-isopropenylindolizi- Despite the incorporation of deuterium into the isopropyl position an intermolecular hydride transfer (Scheme 5) seems to be a reasonable alternative. In this mechanistic nations of donorlacceptor pairs result in the formation of four different products 35, 45, 47, and 19b. Therefore, a deuterium scrambling experiment was carried out to further distinguish between the intramolecular and intermolecular pathway. Thus a mixture of prolinal [D7] benzylimine 34 (32%) and non-deuterated prolinal 4-methylbenzylimine 11 b (68%) was treated with 2.5 equiv. of TiC14 under the usual conditions to yield a crude product which contained at least four compounds as determined by GC: 18.5% of the deuterated benzylideneamines 35 andlor 45, 2.1% of the deuterated benzylamine 48,45.7% of the (4-methylbenzylidene)amines 19b andlor 47, and 5.3% of the (4-methylbenzy1)amine 15 b. In order to evaluate the deuterium distribution in the product mixture, the isotope pattern of the 
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Cyclization of Aldehydes
In the determination of the Lewis acid-catalyzed reversal of the diastereoselectivity in the cyclization of benzylimines 11 and 12 the question arose whether this result could be applied to the Lewis acid-catalyzed cyclization of the corresponding aldehydes 8 and 9 (eq. 4).
However, as shown in Table 3 in the studied cases the cis products 51 and 52 were the major products, and we were not able to revert the diastereoselectivity toward the trans products 49, 50. The all-cis configuration was established by an X-ray crystal structural analysis of 52 ( Figure  2 , Table 2 ) [23] . A comparison of bond lengths and angles of 52 with those of 30 shows the similarity of the two structures. The only difference is a slight elongation of the C4-N5, C6-N5, C9a-N5 bonds of 30 by about 0.02-0.03 A, which is probably the result the result of a decreased bond order, due to the protonation of the bridging nitrogen.
The exact role of the Lewis acid in the determination of the stereochemistry of the cyclizations of the benzylimines l l a -c and 12 remains unclear. On the contrary, it might be reasonable to explain the remarkable cis selectivity of the aldehyde cyclizations by a chelating transition-state model 53. As outlined in Scheme 6, strongly chelating Lewis acids preferably direct the carbonyl oxygen into the axial position, leading to the cis product 52. In the case of 55 an alternative geometry with an equatorial carbonyl oxygen chelation by the Lewis acid is not favored. The orientation of the carbonyl group and the heteroatom in the tether in transition states 53 and 55 is similar to those transition states proposed by Mikami"O1. However, in Mikami's case the steric bulk of the (binaphtho1)-titanium catalyst and the use of a different heteroatom in the tether disfavor a chelation thus providing either the trans product or a (1 : 1) mixture of cis and trans.
In conclusion, a highly stereoselective synthesis of aamino-P-alkylindolizidines (and -quinolizidines) by Lewis acid-catalyzed cyclization of prolinal (and 2-piperidine-carbaldehyde) benzylimines was developed, which gives access to both a,p-cis and a,p-trans isomers, presumably via a common carbenium ion intermediate. Deuterium labeling experiments support a novel cyclization/Intermolecular hydride transfer mechanism leading to the cis product. Interestingly, the corresponding aldehyde precursors for the cyclization resulted in the stereoselective formation of a,pcis-a-hydroxy-P-alkyl-indolizidines (and -quinolizidines 
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39 (32 %) 40 ( Table 1 . General Procedure for the N-Alkylation of 4, 5: To a solution of the amino alcohol (4.82 mmol) in anhydrous toluene (4 ml) were added anhydrous K2C03 (540 mg, 3.91 mmol) and subsequently dropwise 5-bromo-2-methyl-2-pentene (1.89 g, 1 1.6 mmol) over 30 min (temp. during addition: 0-4°C for 4, 60°C for 5), and the mixture was heated at 110°C for 3 d. After cooling to room temp. the mixture was diluted with toluene (10 ml) and extracted with 2 N HCI ( 3 X 30 ml). The combined aqueous layers were washed with Et20 (2 X 50 ml) and then treated with conc. NH3 with ice cooling until pH 8-9 was reached. Extraction with CH2C12 (4 X 50 ml), drying of the combined extracts with MgS04, and evaporation of the solvent yielded the crude product, which was used without further purification. Swern Oxidation of Alcohols 6 and 7: A solution of DMSO (907 mg, 11.60 mmol) in CH2C12 (2 ml) was added dropwise over 30 min at -45°C to a solution of oxalyl chloride (737 mg, 5.80 mmol) in anhydrous CH2C12 (8 ml) . After stirring of the mixture for 15 min a solution of the alcohol (3.36 mmol) in anhydrous CH2C12 ( 5 ml) was added dropwise over 30 min, and the resulting mixture was stirred for another 8 h at -45°C. Then NEt3 (3 ml) was added over 30 min, and the mixture was warmed to room temp. and stirred for another 1 h. It was subsequently washed with H 2 0 (3 X 50 ml), dried with Na2S04, and concentrated to yield a crude oil, which was immediately used without further purification. ( General Procedure,jor the Preparation of Benzylimines l l a -c , 12: To a solution of aldehyde 8 or 9 (1.00 mmol) and benzylamine 1Oa-c (1 .OO mmol) in pentane (10 ml) was added powdered, freshly Chem. Ber. 1994 Ber. , 127, 2023 Ber. -2034 , 55 (100). -activated 4-A molecular sieves (500 mg), and the mixture was stirred at room temp. for 12-24 h. The mixture was then filtered by means of a fritted funnel through Celite, and the resulting filtrate was concentrated at room temp. to give an oil in almost quantitative yield, which was used immediately without further isolation or purification.
N-(4-Methyl-3-pentenyl)-(S)-prolinal
N- - (Sj-prolinal (C-4' ), 129.1 (C-3",5"), 128.4 (C-2",6"), 128.3 (C-I"), 121.9 (C-3'), 68.2 (C-2), 63.9 (CH,Ph), 54.8 (C-If), 53.8 ('2-3, 28.9, 27.7, 23.1 (C-3,4,2'), 25.5 (C-5'), 17.6 (C-6'). -MS (70 eV), mlz (YO): 304 (15) [MI, 286 (12) , 264 (II), 235 (74), 177 (24), 165 (25), 151 (28), 125 (100) (90). -C18HZ5C1N2: calcd. 304.1706, found 304.1700 (MS). General Procedure for the Cyclization of Aldehydes 8 and 9 and Benzylimines lla-c and 12: To an ice-cooled solution of aldehyde 8 or 9 or imine lla-c, 12 (1.00 mmol) in anhydrous CH2Cl2 (28 ml) was added dropwise over 30 min the Lewis acid (2.50 mmol), and the mixture was stirred at room temp. (for different reaction conditions, see Tables 1, 3) , until GC showed complete conversion. Then 2 N NaOH (50 ml) was added, and the mixture was extracted with CHZC12 (3 X 100 ml). After drying of the combined organic layers with MgS04 and evaporation of the solvent the crude products were purified by flash chromatography on Si02 (hexaneslethyl acetate/NEt3, 79: 16:5).
-(4-Methyl-3-pentenyl) -2-piperidinecarboxaldehyde Benzylimine
56.0 (C-l'), 51.7 (C-6), 46.1 (C-2'), 30.0, 25.4, 23.2 (C-3,4,5) [MI, 239 (19), 222 (19), 200 (22), 187 (65), 172 (68), 165 (23), 149 (27), 134 (22), 110 (30) 2980 ,2950 ,2919 ,2900 ,2782 , 1644 . -'H NMR (300 MHz, CDC13): 6 17.21 (d, J = 8.6 Hz, 2H, 2', 7.15 (d, J = 8.6 Hz, 2H, 2H, 3.79 (d, J = 12.9 Hz, I H, 3.61 (d, J = 12.9 Hz, 1 H, 2H, 8, , 2.31 (dd, J = 10.118. 6 Hz, 1 H, ) , 2.17-1.91 (m, 4H), 7H, , , 5, 1, 2, 6, NH), 1.54 (s, 3H, . -I3C NMR (75 MHz, CDC13): 6 = 146.1 (C-9), 139.3 (C-l'), 132.6 (C-4'), 129.6 (C-3',5'), 128.4 (C-2',6'), 113.5 (C-lo), 70.5 (C8a), 60.7 (C-8), 53.7 (CH2Ph), 52.4 (C-3), 51.9 (C-5), 51.2 (C-7), 30.5 (C-6), 30.2 (C-l), 21.1 (C-2), 18.5 (C-11). -MS (70 eV), mlz (%): 304 (20) [MI, 259 (17) , 235 (7), 207 (30), 192 (28), 179 (24), 165 (27), 149 (34), 137 (28), 125 (44) [CH2C&4CI], 110 (35), 98 (45), 84 (loo), 71 (37), 57 (42) 3063,3028,2933,2854,2802,2755,2677,1644 (C=C), 1465, 1452, 1443, 1120, 698. -'H NMR (300 MHz, C6D6): 6 = 7.46 (d, J = 6. 8 Hz, 2H, 3H, 4.86 ( d , J = 1.5Hz,lH,lla-H),4.84(s,lH,Ilb-H),3.85(d,J= 12.1 Hz, l H , 13a-H), 3.78 (d, J = 12. 1 Hz, l H , 4H, 1, , ) , 4-He,), 2.33- 1.15 (m, 12H, 2, , , , 7, 8, 9 -H, NH), 1.68 (s, 3H, 12-H). (H-C=N) , 2955 ,2867 ,2850 ,2782 ,2740 ,2681 , 1644 (m, 3H, m-, p-H 1.66-1.11 (m, 9H, 2,3,4,6,7,8,9,10-H) [MI, 241 (57) (1.23 mmol) in anhydrous MeOH (15 ml) was added under argon PdCI2 (218 mg, 1.23 mmol), and the remaining mixture was presaturated (3X) with H2, then stirred under H2 at 1 atm for 4 h at room temp. The mixture was filtered through Celite, and the solvent was evaporated to yield the crude amines, which were used without further purification. (1 RS,2RS,9aSR)-I-Amino-2-isopropylquinolizidine (23): 507 mg (2.59 mmol, quant.) of a pale brown, amorphous solid. -IR (film): 0 = 3394 cm-' (NH), 2960, 2873, 2751, 2701, 2583, 1527. -'H NMR (200 MHz, CD3OD): 6 = 6.82 (s, broad, 6H, NHJ, 4H, 1, , , , ), 2H, , , ), 10H, 2, 3, 7, 8, 9, 3.05 (d, J = 6.7 MHz, CD30D): 6 = 64.7 (C-l), 56.8 (C-6), 55.2 (C-4), 53.9 (C-9a), 11), 20.7 (C-7), 15.1 (C-12). -MS (70 eV), m/z (YO): 196 (49) [MI, 166 (18), 149 (66) , 121 (69, 11 1 (69), 97 (73), 83 (73), 69 (loo), 67 (58), 55 (97). -C12H24N2: calcd. 196.1939 calcd. 196. , found 196.1934 . MHz, CD30D): 6 = 6.82 (s, broad, 5H, NH2), 6.15 (s, broad, 1 H, 3H, , , , ), 2H, , , ), 8H, 1, 2, 6, 7, 2SR,9aRS)-1-Amin0-2-isopropylyuinolizidine (27 3H, , , ), 2H, , ), IOH, 2, 3, 7, 8, 9 ,10-H), 3.04 (d, J = 5.7 Hz, 3H, 11-H), 3.01 (d, / = 5.7 Hz, 3H, 12-H). -I3C NMR (50 MHz, CD30D): 6 = 64.9 (C-l), 56.9 (C-6), 55.4 (C-4), 52.4 (C-9a), 44.9 (C-2), 28.7 (C-lo), 27.9 (C-9), 24.0 (C-3), 23.3 (C-8), 22.7 (C-7), 20.9 (C-ll), 20.1 (C-12). -MS (70 eV), mlz (YO) : 196 (8) [MI, 136 (20) (4.20 mmol) in anhydrous CH2C12 (42 ml) were successively added dropwise NEt3 (1.28 g, 12.6 mmol) and then Ac20 (493 mg, 4.83 mmol), and the remaining yellow solution was refluxed for ca. 12 h. After cooling to room temp. MeOH (10 ml) was added, and the solution was stirred for an additional 1 h. Evaporation of the solvent yielded a pale brown solid, which was adsorbed on SiOL and purified by flash chromatography on Si02 (CHC13/MeOH, 5 : I).
